Enteric methane (CH 4 ) emissions in ruminants have attracted considerable attention due to their impact on greenhouse gases and the contribution of agricultural practices to global warming. Over the last two decades, a number of approaches have been adopted to mitigate CH 4 emissions. However, the mechanisms of methanogenesis have still not been fully defined. According to the genome sequences of M. ruminantium in the rumen and of M. AbM4 in the abomasum, the pathways of carbon dioxide (CO 2 ) reduction and formate oxidation to CH 4 have now been authenticated in ruminants. Furthermore, in the light of species or genera description of methanogens, the precursors of methanogenesis discovered in the rumen and research advances in related subjects, pathways of acetate dissimilation via Methanosarcina and Methanosaeta as well as metabolism of methanol to CH 4 might be present in the rumen, although neither process has yet been experimentally demonstrated in the rumen. Herein the research advances in methanogenesic mechanisms including existing and potential mechanisms are reviewed in detail. In addition, further research efforts to understand the methanogenesis mechanism should focus on isolation and identification of more specific methanogens, and their genome sequences. Such increased knowledge will provide benefits in terms of improved dietary energy utilization and a reduced contribution of enteric CH 4 emissions to total global greenhouse gas emissions from the ruminant production system.
Introduction
It is predicted that the global surface temperature will increase between 1 o C to 6 o C during the twentyfirst century, primarily due to the increased emissions of greenhouse gases in the atmosphere. With over 21 times more heat per molecule than carbon dioxide (CO 2 ), methane (CH 4 ) is a particularly potent greenhouse gas and accounts for 16 % of total global greenhouse gas emissions. The CH 4 formation is a microbial-driven process, mainly dominated by methanogens, which are members of the Archaea domain and inhabit certain anaerobic environments, such as freshwater sediments abundant in organic matter, swamps and waterlogged soils, sewage treatment plants as well as the rumen of ruminants (Woese et al., 1978) . Nowadays, ruminants can produce globally more than 80 million tons of CH 4, which annually, accounts for 28 % of anthropomorphic emissions, and has drawn attention to the contribution of animal agriculture to global warming (Beauchemin et al., 2008) . In ruminants, enteric CH 4 emissions not only contribute to global climate warming, but also account for 2 ~ 12 % of the ingested energy. In particular, for high-producing lactating animals, at least 6 % of gross energy intake is lost by way of CH 4 emissions. Therefore, mitigating CH 4 emissions in ruminants will not only assist in the achievement of international commitments under the Kyoto Protocol but also in the improvement of energy utilization efficiency and the performance of the host animal. Any mitigation option should be undertaken on the basis of a clear understanding of the mechanism of methanogenesis in order to ensure a specific intervention in methanogens that maintains the normal digestive functions of other microbes in the rumen. This review will comprehensively describe the species or genera of methanogens and all the pathways of methanogenesis in ruminants.
bacter gottschalkii and others have also been identified by the 16S rRNA PCR (Pei et al., 2010; Franzolin et al., 2012) . In general, the majority of rumen methanogens detected can be mainly classified into three genera by the analysis of pooled data from several surveys; these are Methanobrevibacter, Methanomicrobium and rumen uncultured cluster C (Tymensen and McAllister, 2012) . Of these, Methanobrevibacter accounts for nearly two-thirds (62 %) of rumen methanogens, Methanomicrobium and rumen uncultured cluster C are roughly equal and account for 15 % and 16 %, respectively (Janssen and Kirs, 2008; St-Pierre and Wright, 2013) . Nonetheless, the proportion of these groups is reported to differ greatly (Morgavi et al., 2010; St-Pierre and Wright, 2013) ; these differences may be due to methodological differences or result from effects of animal species and/or diets. The remaining genera of methanogens should also include Methanosphaera, Methanobacterium and Methanosarcina. In our opinion, the fast development of molecular technologies allows for identification, diversity and colonization of more specific and functional methanogens in the rumen.
Pathways of methanogenesis
In the rumen, methanogens produce CH 4 from a limited amount of substrates, namely H 2 + CO 2 , formate, methanol and acetate (Oppermann et al., 1961; Hungate et al., 1970; Neumann et al., 1999; Rea et al., 2007) . The H 2 + CO 2 , formate and acetate are derived from carbohydrate fermentation, whereas methanol comes from pectin fermentation. As of today, the pathways of methanogenesis from all above-mentioned precursors have yet to be fully defined in the rumen. As rumen methanogens are difficult to culture, it is useful to gain a better understanding of their metabolism and physiology and to define the pathways of CH 4 production in the rumen with the help of genome sequencing technology. Through the application of such technology, M. ruminantium and Methanobrevibacter. AbM4, two prominent methanogens found in the rumen and abomasum respectively, have been confirmed to contain two complete methanogenic pathways for reduction of CO 2 and oxidation of formate to CH 4 (Leahy et al., 2010; Leahy et al., 2013) . In the light of species or genera of methanogens plus the precursors found in the rumen, other potential pathways (i.e., either acetate or methanol metabolism) might be proposed, even though they are not yet supported by direct experimental data in ruminants.
Pathway of CO 2 reduction
The combination of H 2 +CO 2 is the most common substrate of methanogens for methanogenesis, and the detailed pathway for the formation of CH 4 has been shown previously (Liu and Whitman, 2008) . In this pathway, CO 2 is reduced successively to CH 4 by H 2 as the primary electron donor through formyl, methenyl, methylene and methyl intermediates. The reduction of the carbon moiety involves several steps catalyzed by a number of unique cofactors and enzymes ( Figure 1 ).
CO 2 reduction to formyl-MFR
The step of CO 2 reduction to formyl-MFR consists of two processes, the binding of CO 2 with methanofuran (MFR) as well as its H 2 -dependent reduction to formyl-MFR. During the process, ferredoxin has the ability to directly accept an electron to form a reduced state. The MFR, as the C 1 carrier, is composed of a C 4 -substituted furfurylamine ring ( Figure 2 ) and is the only cofactor known to contain a furan moiety. It is present in all known methanogens at the level of 0.5 -2.5 mg kg −1 of cell dry weight (Sirohi et al., 2010) . The formation of formyl-MFR is catalyzed by formylmethanofuran dehydrogenase (a molybdenum enzyme) which has five distinct subunits when derived from M. barkeri. It contains molybdopterin guanine dinucleotide, 30 non-heme iron and 30 acid-labile sulfide molecules.
The genes encoding the five subunits form a transcription unit (fmdEFACDB) and are co-transcribed with an additional gene, fmdF, encoding a polyferredoxin that possibly contains eight [4Fe-4S] clusters . The sequence, deduced from the subunit FmdB, includes a molybdopterin cofactor and indicates FmdB (Zhou et al., 2010) ; (Liu and Whitman, 2008) ; (Kumar et al., 2012) Cattle Methanosphaera M.stadtmanae CO 2 /H 2 ; methanol (Zhou et al., 2010) ; (Liu and Whitman, 2008) Cattle Methanomicrobium M.mobile CO 2 /H 2 ; formate (Tymensen and McAllister, 2012) ; (Liu and Whitman, 2008) ; (Sirohi et al., 2010) Cattle; (Denman et al., 2007) ; (Liu and Whitman, 2008) ; (Sirohi et al., 2010) Sci. Agric. v.71, n.5, p.430-440, September/October 2014 is the catalytic subunit. In addition, FmdB has the potential ability to bind one [4Fe-4S] cluster. M. thermoautotrophicum is shown to include two forms of formylmethanofuran dehydrogenases, one a molybdenum enzyme and the other a tungsten enzyme. The former consists of three distinct subunits (FmdABC) and encodes fm-dECB operon that is only transcribed in the presence of molybdenum, while the latter consists of four different subunits (FwdABCD). The genes of FwdABCD are co-transcribed with three other genes (fwdEFG) to form the fwdEFGDACB operon that is transcribed in the presence of either molybdenum or tungsten. In the fwdEF-GDACB, the fwdE and fwdG embody two [4Fe-4S] clusters, whereas the fwdF possesses eight [4Fe-4S] clusters (Hochheimer et al., 1995) . The FwdB harboring the active site between FmdABC and FwdABCD has only 47 % identical amino acid homology and demonstrates that the two dehydrogenases are very different.
Transfer of the formyl group from formyl-MFR to formyl-H 4 MPT
During the transfer processes of formyl-MFR to formyl-H 4 MPT, both a coenzyme and an enzyme are involved. The coenzyme H 4 MPT, as a C 1 carrier, has an electron-donating methylene group in conjugation to N 10 via the aromatic ring ( Figure 2 ). The formyl-transferase (Ftr), which has the ability to transfer a formyl group being dependent on the salt concentration, consists of a subunit with a molecular mass of approximately 32 kDa but without the prosthetic group, and exists in a monomer/dimer/tetramer association equilibrium. Of these, the tetramers are thermostable, but the monomers and dimers are the active forms (Mamat et al., 2002) . The ftr gene directing the synthesis of functional formyl-transferase in E.coli does not produce an operon and is monocistronic. The amino acid sequences of formyl-transferases from M. barkeri and M. thermoautotrophicum are 64 % identical. The ftr genes from M. barkeri and M. thermoautotrophicum encode proteins with isoelectric points of 4.9 and 4.5, respectively, and their guanine + cytosine (G+C) contents are 42 mol % and 48 mol %, respectively (Kunow et al., 1996) . Two ftr genes are found in the genomic sequence of M. thermoautotrophicum, but only one of them is essential.
Formation of methenyl-H 4 MPT
The process from formyl-H 4 MPT to methenyl-H 4 MPT is catalyzed by methenyl-H 4 MPT cyclohydrolase (Mch) . The Mch has a molecular mass of approximately 35 kDa and lacks a chromophoric prosthetic group. It is present in a homotrimeric state and is stable under aerobic conditions. The enzymatic process of reversible Mch reaction consists of a nucleophilic addition of an activated water molecule followed by a ring-cleavage elimination step (Upadhyay et al., 2012) . The mch gene encoding the enzyme from M. thermoautotrophicum is apparently transcribed monocistronically. By comparing the mch gene sequence with the deductive mch genes determined from the genomic sequence of M. ruminantium, M. smithii, M. barkeri and M. AbM4, the length of the mch gene is approximately 960 bp (Aufhammer et al., 2005; Samuel et al., 2007; Leahy et al., 2010; Leahy et al., 2013) , the identity of the genes encoding the four methenyl-H 4 MPT cyclohydrolases is 38 % based on multiple sequence comparison. This degree of identity is large when the different genera and phylogenetic development are considered.
Reduction of methenyl-H 4 MPT to methyl-H 4 MPT
The methenyl-H 4 MPT is subsequently reduced to methylene-H 4 MPT and further to methyl-H 4 MPT. In both reactions, F 420 , a deazaflavine derivative, acts as a coenzyme for hydride transfer, and serves as the reductant ( Figure 2 ) . It has blue green fluorescence in the oxidized state, but not in the reduced state. The F 420 in all methanogens usually ranges from 1.2 to 65 mg kg −1 of dry cell weight. During the process of methanogenesis, coenzyme F 420 is reduced and catalyzed to F 420 H 2 (reduced form of coenzyme F 420 ) by H 2 and F 420 -reducing hydrogenase, respectively. An alternative pathway is where F 420 -dependent methylene-H 4 MPT dehydrogenase (Mtd) and H 2 -forming methylene-H 4 MPT dehydrogenase (Mth) reduce F 420 with H 2 to form F 420 H 2 , this is called the Mtd-Mth cycle. The hydrogenase consists of three different subunits and contains flavin adenine dinucleotide, nickel, iron, acid-labile sulfide, but not selenium (Vogt et al., 2008) . The process from methenyl-H 4 MPT to methylene-H 4 MPT is catalyzed by the methylene-H 4 MPT dehydrogenase system which consists of Mtd and Mth. The former catalyzes the reversible reduction of methenyl-H 4 MPT and F 420 H 2 to methylene-H 4 MPT whereas the latter catalyzes the reversible reduction of methenyl-H 4 MPT and molecular hydrogen to methylene-H 4 MPT. The Mtd consists of subunits each with an approximate molecular mass of 32 kDa and exists as either a hexamer or an ancotamer lacking of a chromophoric prosthetic group.
The stability of Mtd is relatively long under aerobic conditions (24 h, 4 o C), but this declines markedly in the presence of Mth in a strictly anaerobic environment. Consequently, Mtd is usually hard to detect under anaerobic conditions. Because of the strictly anaerobic environment in the rumen, the Mth can directly catalyze the reduction of methenyl-H 4 MPT and molecular hydrogen to methylene-H 4 MPT. That is to say, only Mth is involved in the conversion of methenyl-H 4 MPT to methylene-H 4 MPT in the rumen, hydrogen taking part in this process as a molecular form rather than as F 420 H 2 . The catalytic mechanism is a ternary complex type similar to the direct hydride transfer to oxidized F 420 or from reduced F 420 . The sequences of mtd genes encoding Mtd have been not only reported in M. thermoautotrophicum and M. barkeri but also determined from the genomic sequence of M. ruminantium, M. smithii, Methanosarcina mazei and M. AbM4 (Mukhopadhyay et al., 1995; Deppenmeier et al., 2002; Aufhammer et al., 2005; Leahy et al., 2010; Leahy et al., 2013) .
The sequence identity of these various mtd genes is at least 51 %, determined by pairwise sequence alignment, which is high for different genera. The sequence analysis of the mtd gene of M. thermoautotrophicum indicates that the coenzyme F 420 is situated at the N-terminus. The Mth, a novel type of hydrogenase, lacks iron-sulfur clusters, nickel, and flavins, but does contain an iron-guanylypyridinol cofactor (FeGP) as the prosthetic group, and is composed of one type of subunit with a molecular mass of approximately 43 kDa, and is highly O 2 -sensitive in dimeric form (Shima and Ermler, 2011) . The catalytic mechanism of Mth is that a hydride from H 2 is transferred to the pro-R site of the C-14a methenyl group of methenyl-H 4 MPT, which (Figure 3) . The gene encoding Mth from M. thermolithotrophicus has been cloned and sequenced. Its genomic sequence is 1059 bp long with ATG and TAA as initiation and termination codons, and includes 39 mol % G+C content (Hartmann et al., 1996) .
The methylene-H 4 MPT reductase catalyzes the reduction from Methylene-H 4 MPT to methyl-H 4 MPT. Its TIM barrel structure contains a nonprolyl cis-peptide bond, but the binding sites of the substrates remain elusive, therefore only its crystal structure in a complex with F 420 has been reported (Aufhammer et al., 2005) . As a tetramer, it is composed of one type of subunit, each with a molecular mass of approximately 37 kDa with the absence of a chromophoric prosthetic group, such as flavins or iron-sulfur complexes. The gene encoding this reductase from M. thermoautotrophicum is 963-966 bp in length with ATG as start codon and TAA as end codon, and encodes a protein consisting of 321 amino acids with a molecular mass of 33.5 kDa and an approximate isoeletric point of 4.5. The transcript of this gene is monocistronic (Nolling et al., 1995) .
Reduction of Methyl-H 4 MPT to Methyl-S-CoM
The coenzyme M (HS-CoM) and methyl-H 4 MPT:HS-CoM methyltransferase involve the reductive process of Methyl-H 4 MPT to Methyl-S-CoM. The HS-CoM, as a methyl group carrier, takes part in the crucial step of CH 4 formation through accepting the methyl group from methylcobalamin to form Methyl-S-CoM and is the smallest known organic cofactor. The structure of HS-CoM is 2, 2 -dithiodiethanesulfonic acid (Figure 2) , and sulfopyruvate decarboxylase plays an important role in its biosynthesis (Sarmiento et al., 2013) . In the rumen, some methanogenic archaea, such as M. ruminantium, cannot synthesize HS-COM, whereas they can satisfy the growth requirement for the coenzyme by the supply of other methanogens having the ability to produce HS-COM (Krishnakumar et al., 2008) .
The methyl-H 4 MPT:HS-CoM methyltransferase consisting of eight different subunits (MtrABCDEFGH) and containing 5-hydroxybenzimidazolyl cobamide as a prosthetic group is an integral membrane-bound enzyme complex, which catalyzes the methyl transfer through the generation of a sodium ion gradient across the membrane (Gottschalk and Thauer, 2001) . The methyl transfer occurs in two steps; a methyl group is first transferred from Methyl-H 4 MPT to an enzyme-bound cobamide prosthetic group to form methylated cobamide and subsequently HS-CoM. Its transfer depends on the sodium ion gradient in the second step. Both cloning and sequencing of the corresponding genes reveal that the eight mtr genes form an operon (mtrEDCBAFGH). The operon is located between the methyl-S-CoM reductase I operon (mcr) and a downstream open reading frame predicted to encode a Na + /Ca + , K + exchanger (Harms et al., 1995) , while the proposed function of the latter is consistent with the methyltransferase in the generation of a sodium gradient. The deduced sequences of MtrB, MtrC, MtrD, and MtrE suggest that they are extremely hydrophobic membrane proteins (Stupperich et al., 1993) . On the contrary, MtrA containing corrinoid is thought to have a hydrophobic helical conformation and is only partially integrated into the cytoplasmic face of the cell membrane, based on the deduced sequence (Sauer and Thauer, 1998) .
Reduction of methyl-S-CoM to CH 4
The Methyl-CoM reductase catalyzes the reduction process from methyl-S-CoM to CH 4 , in which coenzyme B acts as the electron donor and coenzyme F 430 as the prosthetic group (Figure 2) . Coenzyme B is a colorless cofactor that contains a thiol group and an L-threonine phosphate group which can be specifically recognized Mcr I plays an important role sensitive to supplied H 2 in the pathway of CO 2 reduction for methanogens (i.e. Ruminococcus albus) (Ntaikou et al., 2008; Leahy et al., 2010; Leahy et al., 2013) . At present, the gene encoding McrA has often been used for the assessment of methanogen diversity in the rumen because Mcr is specific to methanogens (St-Pierre and Wright, 2013). The genes encoding the Mcr enzyme form an operon (mcrBDCGA) which contains two additional genes with unknown functions. In the gene sequence, there are five open reading frames, of which the largest is located at the 3' end and the second largest at the 5' end while the others are situated between these two open reading frames. The known genes (mcrA, mcrB, mcrG) have a strong preference for the codon with a C in the wobble position (Bokranz et al., 1988) .
The reactions discussed above are the currently known process of reduction of CO 2 +H 2 to CH 4 . In simple terms CO 2 is bound to specific carriers and sequentially produces CH 4 by reduction with H 2 which serves as an electron donor through enzyme catalysis. Although the mechanism of CO 2 reduction pathway to CH 4 is well defined, its contribution to total enteric CH 4 production at different growth and physiological stages and the impact of dietary intervention factors would become the hot spots in ruminants.
Pathway of formate oxidation
Formate utilization starts with oxidation to CO 2 and subsequently enters the pathway of CO 2 reduction. Formate dehydrogenase (Fdh) catalyzes the process of formate to CO 2 +H 2 and the enzyme contains molybdenum, as a part of the molybdopterin cofactor, flavin adenine diuncleotide, zinc, iron, inorganic sulfur and two distinct subunits (FdhA, FdhB) in an ab configuration. The genes encoding the two subunits from M. formicium overlap by 1 bp. In the entire genomic sequence, the content of adenine phosphate + thymine (A+T) is 59 mol %, while in the fdhA gene sequence the A+T content is 71 mol % (Shuber et al., 1986) . In the process of gene expression, the fdhA and fdhB genes are cotranscribed and the starting site lies in 4.3 kb upstream of the fdhA gene (Patel and Ferry, 1988) . Recently, the genes for the dehydrogenase from M. maripaludis have begun to attract the attention of researchers. The fdh genome contains two important gene clusters (fdh1, fdh2), one of which (fdh1) plays an important role in the transfer process of formate to CO 2 +H 2 (Lupa et al., 2008) and can encode two subunits and a putative formate transporter while the other (fdh2) encodes only two subunits (Wood et al., 2003) .
Pathway of acetate dissimilation
Acetate is not only an important intermediate in the anaerobic fermentation of carbohydrate but also a key precursor of methanogenesis by methanogens, in which only two methanogenic genera are currently known to be capable of utilizing acetate to produce CH 4 .
One is Methanosarcina and the other is Methanosaeta (Methanothrix). The distinction between them is that Methanosarcina has the ability to utilize acetate, H 2 + CO 2 and methanol, whereas Methanosaeta is capable of utilizing acetate only. Furthermore, the two genera have different affinities. Methanosaeta mainly grows in an environment in which the acetate concentration is below l mM, but Methanosarcina prefer higher acetate concentrations. Thus, the pathway of acetate dissimilation can be further divided into two branches via Methanosarcina and Methanosaeta. Additionally, the physiological range of acetate concentration is from 15 mM to 55 mM in the rumen, which should favor the growth of Methanosarcina rather than Methanosaeta. To date, Methanosaeta has not been found in the rumen but might exist in the rumen, which is somewhat surprising due to its wide existence in natural habitats (Smith and Ingram-Smith, 2007) and its optimum growth temperature (35-45 o C), similar to that in the rumen.
Methanogenesis from acetate in Methanosarcina
The pathway of utilizing acetate to produce CH 4 for Methanosarcina is shown in Figure 4 . In this pathway, acetate is firstly transformed to acetyl-CoA by acetate kinase (Ack) and phosphotransacetylase (Pta) and is then cleaved to enzyme-bound methyl and carbonyl groups by the CO dehydrogenase/acetyl-CoA synthase complex (Codh). In this cleavage process the carbonyl group is oxidized to CO 2 and electrons are transferred to ferredoxin. Meanwhile, the Codh transfers the methyl group to H 4 MPT, yielding methyl-H 4 MPT. The methyl- Agric. v.71, n.5, p.430-440 , September/October 2014 H 4 MPT:HS-CoM methyltransferase catalyzes the reaction from methyl-H 4 MPT to Methyl-S-CoM which is then reductively to CH 4 by methyl-CoM reductase. The process from methyl group to CH 4 is a reduction reaction with electrons originating from the oxidation of carboxyl group of the CH 3 CO-S-CoA (acetyl-CoA) to CO 2 . The proton gradient produced by a membrance-bound electron transport chain is used to drive ATP synthesis. The methyltransferase and methyl-CoM reductase have been described in detail earlier as part of the pathway of CO 2 reduction and, therefore, only Ack, Pta and Codh are described here.
Acetate kinase and phosphotransacetylase
In the pathway, acetate kinase catalyzes the synthesis of acetyl phosphate by transfer of the ATP g-phosphoryl group to acetate, phosphotransacetylase catalyzes the transfer of the acetyl moiety to CoA to form CH 3 CO-S-CoA (acetyl-CoA) and orthophosphate. Acetate kinase contains a hydrophobic pocket for binding the methyl group of acetate and forms the residues Val 93 ,Phe 179 ,Pro 232 and Leu 122 ( Figure 5) . The catalytic mechanism of acetate kinase is a direct in-line transfer ( Figure 6) (Ferry, 2011) , and the catalytic process can be completed by nucleophilic at- The process is completed by nucleophilic attack of the carboxyl group of acetate on the g-phosphate of ATP. The transition state is very stable due to coordination of the equatorial oxygen atoms and interactions with His 180 and Arg 241 .
tack of the carboxyl group of acetate on the g-phosphate of ATP. The phosphotransacetylase with a molecular weight of 71 kDa is a dimer, classified as an AB dimer and a CD dimer in the crystalline and soluble state respectively. Each of four monomers is composed of two domains, named I and II. The two domains are approximately the same size and have an ab structure. Domain I is made up of a five-stranded b sheet (b3, b2, b1, b4 and b11) which is surrounded by four A helices and a small helix on each side. However, domain II includes a six-stranded b sheet (b10, b5, b6, b9, b7 and b8) surrounded on one side by three helices and on the opposite side by two helices (Iyer et al., 2004) . The genes (pta and ack) encoding Pta and Ack from M. thermophila are arranged in an operon with pta upstream of ack, similar to the situation with M. mazei (Tonouchi et al., 2002) . The pta and ack genes encode polypeptides with a molecular weight of 35 kDa and 44 kDa respectively and are co-transcribed as a 2.4 kb polycistronic message.The molecular mass of the polypeptide encoded by the ack gene is identical with that from M. mazei (44.5 kDa) (Tonouchi et al., 2002) . The transcriptional starting site of the genes locates 27 bp upstream from the translational start of the pta gene and 24 bp downstream from a consensus archaeal boxA promoter sequence. The regulation of Pta and Ack synthesis occurs, at least in part, at the mRNA level based on northern blot analyses. At the same time, southern blot analysis indicates that only one copy of each gene is present per chromosome.
Carbon monoxide dehydrogenase/acetyl-CoA synthase complex (Codh)
The Codh is made of five different subunits (Cod-hABCDE) and plays a major role in the pathway. Through detergent treatment, the enzyme complex has been divided into two components, one of which is a nickel/ iron-sulfur enzyme including CodhA, CodhB and CodhE subunits (Murakami and Ragsdale, 2000) , the other is a corrinoid/iron-sulfur enzyme consisting of CodhC and CodhD. The former mainly catalyzes CO oxidation and decomposes acetyl-CoA into the methyl, carbonyl and CoA moieties. The latter is involved in the transmethylation reaction. Three metal clusters (A, B and C) are identified from the abe component by electron paramagnetic resonance spectroscopy. Cluster A, a novel Ni-X-[Fe 4 -S 4 ] cluster in which X is an unknown bridging atom, functions as a synthesizer or splitter of the C-C and C-S bonds of acetyl-CoA. Cluster C, possessing CO dehydrogenase activity, is also a bimetallic Ni-X-[Fe 4 -S 4 ] cluster. Cluster B, a conventional Fe 4 S 4 center thought to shuttle electrons, has the same function as cluster A.
The codh genes encoding the five subunits of the Codh complex from M. thermophila have been cloned, sequenced and expressed. The sequence analysis of the codh genes indicates that the proteins encoding these five subunits have different molecular masses and iso-electric points, and further suggests they do not belong to a same kind (Maupin-Furlow and Ferry, 1996) . The codh genes and an additional open reading frame with unknown function are co-transcribed based on northern blot analysis. The result suggests the sixth subunit may be required for acetyl-CoA cleavage or maturation of the five subunit complex. The regulation of the Codh complex is at the level of transcription via three mechanisms, one is differential transcription initiation, another is early elongation termination and the last is transcription elongation (Anderson et al., 2009) .
Methanogenesis from acetate in Methanosaeta
The core step of the Methanosaeta pathway ( Figure  4 ) is similar to that of Methanosarcina. The only distinction between these two pathways is the use of different enzymes in the step from acetyl moiety of acetate to CoA forming CH 3 CO-S-CoA(acetyl-CoA). The former is catalyzed by acetyl-CoA synthetase (Acs), whereas Ack and Pta are involved in the latter.
Acetyl-CoA synthetase (Acs)
This enzyme comprises ADP-forming Acetyl-CoA synthetase involved in the formation of acetate and AMP-forming Acetyl-CoA synthetase being operative in the activation of acetate to acetyl-CoA. In the rumen, acetate is constantly produced by bacterial decomposition of cellulose and the acetate concentration is usually high. Hence, activation of acetate to acetyl-CoA by AMP-forming Acetyl-CoA plays an important role in methanogenesis. The AMP-forming Acetyl-CoA from M. sothngenii is composed of three different subunits of 18-75 kDa, and sited in the same direction in the gene sequence (Eggen et al., 1991) . However, in the genome of M. tharmophila, four distinct subunits forming the enzyme are found (Berger et al., 2012) . The subunit with a molecular mass of 75 kDa among all the subunits from both methanogens has the potential to synthesize Acetyl-CoA. According to the deduced sequence of Acetyl-CoA synthetase from both methanogens, the sequence similarity is high, and can reach 80 % identity for the 1990 amino acids.
Pathway of methanol conversion to methane
This pathway is composed of two separate steps (Figure 1) . First, the methanol:coenzyme methyltransferase system catalyzes the methyl group of methanol and coenzyme M to form methyl-S-CoM directly. Second, the reduction of methyl-S-CoM to CH 4 is catalyzed by methyl-CoM reductase. The second step is identical to that which previously describes the reduction of CO 2 and, therefore, only the methanol:coenzyme methyltransferase system is detailed here.
The methanol:coenzyme methyltransferase system contains two components which catalyze two reactions and lead to an overall transfer of the methyl group of methanol to HS-CoM. In the first reaction, methanol is transformed by a methanol:5-hydroxy-Sci. Agric. v.71, n.5, p.430-440 , September/October 2014 benzimidazolycobamide methyltransferase (Mt 1 ) into 2-(methylthio)-ethanesulfonate. In the second reaction, 2-(Methylthio)-ethanesulfonate is reductively cleaved into CH 4 and 2-mercaptoethanesulfonate by methylcobamide:coenzymeM methyltransferase (Mt 2 ). The Mt 1 component consists of two subunits (MtaB and MtaC). The MtaC harbors corrinoids as prosthetic groups and the MtaB transferring the methyl group of methanol to the corrinoid prosthetic group of MtaC contains a mole of zinc, and its activity is zinc-dependent (Sauer and Thauer, 1997) . The Mt 1 component binding the methyl group of methanol, when the cobalt atom of its corrinoid prosthetic groups is in the highly reduced state, can be reactivated under the oxidized state. The Mt 2 component is composed simply of a subunit MtaA with a molecular mass of 36 kDa but without any prosthetic groups.
The mtaA, mtaB and mtaC genes from M. barkeri encoding MtaA, MtaB and MtaC respectively, have been cloned and sequenced (Harms and Thauer, 1996) . In the sequence, not only do the genes (mtaB and mtaC ) locate in the same area and form an operon mtaCB, but also the gene mtaB is situated directly downstream of mtaC, suggesting both subunits have a similar function. The mtaCB operon does not contain the gene mtaA, indicating the mtaA has a function that is different from the other subunit. The same results have been demonstrated by northern blot analysis indicating that the gene mtaA is monocistronically transcribed while the other genes (mtaB and mtaC) are co-transcribed.
For three methanogenesis pathways (i.e., formate oxidation, acetate dissimilation and methanol disportionation), information about their mechanisms is relatively limited in the rumen. Therefore, identification of some specific methanogens (i.e., Methanosarcina and Methanosaeta) and their genomic sequences, validation of acetate dissimilation and methanol disportionation in the rumen, and the contribution of each pathway to total enteric CH 4 production should be emphasized at different growth and physiological stages and under different dietary conditions in ruminants.
Final Remarks
The pathways of CO 2 reduction and formate oxidation assuredly exist in the rumen, and they involve a process of complex reactions due to the many coenzymes and enzymes involved. The pathways of acetate and methanol metabolism might be present in the rumen dependent on species or genera of methanogens and the presence of precursors which can form CH 4 . In the future, the existence of unconfirmed pathways (pathways of acetate dissimilation as well as methanol conversion), proportional contribution to enteric CH 4 production from each pathway at different physiological or growth stages, and their regulatory processes in ruminants need to be clarified. Meanwhile, more methanogens from the rumen should be isolated, identified and cultured to fur-ther understand their specific functions. The genome sequences or the cloning and sequencing of genes encoding the relevant enzymes for more specific methanogens should be studied to provide new insights into enzyme evolution, regulation of gene expression, mechanisms of catalysis, relationships between host species or diet and population structure of symbiotic methanogens, and to explore more effective technologies of mitigating enteric CH 4 emissions.
